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本論文主要研究一個使用壓電薄膜 ( P V D F )的多維空間微力感應系統，這個系統有 
潛力用作為一個反饋力的微型機械裝置或微生物的遠端操作。儘管研究在創造新的 
微電機系統 ( M E M S )應用方面做過很大的努力，但對其後續階段的研究例如組裝及 
組合就相對地有限。原因之一是涉及的困難程度，微小的程度是其中一個實際的困 
難。那些微小的機械結構是很脆弱及容易被損壞，它們通常在微牛頓力O i N或1 0 _ 
6N)的範圍下被損壞，這是人類操作者不能感受到的範圍。 










Despite the enormous research efforts in creating new applications with MEMS, the 
嚇 
research efforts at the backend such as packaging and assembly are relatively limited. 
One reason for this is the level of difficulty involved. One fundamental challenge lies 
in the fact that at micro scale, micro mechanical structures are fragile and easy to break 
- they typically will break at the micro-Newton (juiN or lO'^N) force range, which is a 
range that cannot be felt by human operators. Our ongoing development of a 
polyvinylidence fluoride (PVDF) multi direction micro force sensing system that can 
be potentially used for force-reflective manipulation of micro mechanical devices or 
micro-organisms over remote distances. Thus far, 1-D sensing systems was 
successfully demonstrated that are able to sense force information when a micro-
manipulation probe-tip is used to lift a micro mass supported by 2|Limx30|U,mx200jLLm 
polysilicon beams. 2-D sensing system was currently developed based on the results of 
1-D sensing system. Hence, we have shown that force detection in the 50|LIN range is 
possible with PVDF sensors integrated with commercial micro-manipulation probe-
tips. We believe this project will eventually make a great impact to the globalization of 
MEMS foundries because it will allow global users to micro-assemble and micro-
manipulate surface micromachined devices from their laboratories, and therefore, 
reduce the time from design to production significantly. 
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1. Introduction 
Ll Background and Motivation 
MEMS devices have been steadily finding their usefulness in our daily lives in the past 
decade. However, a major obstacle for the advancement of MEMS technology in the 
commercial sector is the availability of a technique for automated batch packaging and 
assembly. The development of such a technology will directly impact the throughput 
and long-term reliability of many MEMS devices. One reason for this is the lack of a 
standard micro assembly technology the level of difficulty involved. An intrinsic 
difficulty lies in the fact that at micro scale, micro mechanical structures are fragile and 
easy to break - they typically will break at the micro-Newton _ or 10-^ N) range 
force, which is a range that cannot be felt by a human operator hoping to assemble 
micro structures. This obstacle is especially problematic for devices requiring multi 
degrees micro-assembly such as the 2-D micro mirrors used to switch optical signals in 
all-optical networks. 
And while material properties data can be used to predict fracture strength, there is no 
existing micro-manipulation system that can provide in-situ jiiN force data during 
assemblage of commercial MEMS devices. The consequence of this is that devices are 
often damaged during assembly, decreasing overall yield and driving up cost. It has 
been estimated that assembly cost of micro devices can run as high as 80% of the total 
production cost [1]. For instance, the well-known surface micromachining commercial 
foundry technology MUMPs'^ ^ (Multi-user MEMS Processes) run by Cronos 
Integrated Microsystems has a 3-polysilicon and 2-sacrificial-layer process that can 
1 
now be used to produce many micro mechanical devices with scientific and 
commercial applications, including micro mirrors, micro optical bench, micro RF 
switches, and micro sensors [2]. However, after MUMPs fabrication, many surface 
micromachined devices need to be micro-assembled or micro-manipulated to realize a 
final device or be experimentally tested. Case in point, a micro reflecting mirror needs 
to be rotated 90�f rom its plane of fabrication through a fragile micro hinge. Or in the 
case of a micro piezoresistive cantilever sensor, as shown in Figure 1.1，manipulation 
is required to lift it from the horizontal plane for mechanical tests and calibration (the 
sensor is a micro mass platform suspended by 2 cantilevers 2jj.mx30|Limx200|Lim in 
dimension). The micro cantilevers have fracture strength in the order of |iN，so an 
operator hoping to lift the platform for calibration will often break the cantilevers 
unintentionally due to excessively applied force through the commercial 
micromanipulator probe-tips. 
I 珠 m i M M r n 
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Figure 1.1. MUMPs micro structures are typically tested by using commercial probes without any force 
sensors for lifting and moving, (a) SEM picture of a surface micromachined mass plate suspended by two 
polysilicon beams, (b) to (d) is a sequence of pictures showing the lifted micro device may be damaged 
suddenly due to excessive force applied by a human operator. In (d) the mass platform disappeared from 
microscope view due to breakage of the beams, which "sprung" the structure to a different physical 
location. 
Micro-manipulation and control are rigorously being investigated worldwide currently. 
To the best of our knowledge, however, most groups are focusing on micro/nano 
forces at the atomic level (e.g.,[2]) or creating manipulation actuators for micro object 
positioning (e.g., see [4] and [5]). Some of the reported tele-operable 
micromanipulators may eventually have the capability to perform feedback control 
using piezoresistive, piezomagnetic, piezoelectric, capacitive, or laser techniques[6] [7]. 
Nonetheless, these approaches are limited by both their actuation and sensing dynamic 
range. 
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1.2 Objective of the project 
As presented in the previous section, breaking of the micro structure during micro-
manipulation is due to improper force applied on the structure. Therefore, in order to 
prevent these accidents, the micro force acting on the micro structure should be 
monitored by a sensor-based system which could provide force or impact information 
to a micro-manipulation station. 
The main objective of this project is to design a sensing system that can perform a 
force feedback control for micro-manipulation or micro-assembly. The basic concept 
of the sensing system is to integrating PVDF sensors on commercial probe-tips used 
for contact micro-manipulation and assembling, which will allow a large sensing and 
actuation range. However, due to the discharge effect of PVDF sensors, the voltage 
output from the PVDF can be used to indicate only an impulse or a dynamic force 
(static force measurement is theoretically impossible) during manipulation. Hence, in 
this dissertation, 'force' implies a dynamic force. The sensors' force data can be 
calibrated to assist a human operator in exercising manipulation forces below the 
fracture limit of micro mechanical structures under manipulation. Therefore, the 
sensing system can provide valuable force information to the user during manipulation 
or assembly, so that they can know and sense the force that they have applied to a 
micro structure, and the possibility to break a micro structure can be reduced. 
In order to perform a multiple degrees of freedom (DOF) task during assembly or 
manipulation, multi-dimensional sensing system may be developed for providing the 
force data from different directions during manipulation. 
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As a result, contact/impact forces can be regulated to maintain safety margins and 
improve yield and reliability during micro-assembly - factors that will eventually make 
automated batch micro-assembly feasible. Force feedback is important in 
microenvironment control architectures, since visual feedback of microenvironments 
might be of low quality or might offer limited information - force feedback becomes 
essential for the efficiency and safety of operation at these small scales and is useful for 
both tele-operated and automated micro-manipulation. 
Therefore, force-reflective system is an essential component of the control scheme of 
micro-manipulation for prevents breaking or damaging micro structure during micro-
manipulation. Moreover, a computer assisted and accurate sensing system with robotic, 
automation and tele-operated technology will be developed for performing 
manipulation or assembly in micro world by a macro haptical device. 
1.3 Organization of the thesis 
In this dissertation, background and motivation of the project is introduced in this 
section. A literature survey is carried out and the related work on the PVDF sensor and 
existing sensing system on micro-manipulation will be descried in Chapter 2. 
Description of micro-manipulation and the micromanipulator station used in our work 
will be presented in Chapter 3. 
As PVDF is inherently a rate of force sensor for the sensing system, the charteristic of 
the PVDF strips will be given. Since there are many different piezoelectric materials, 
some comparison of different piezoelectric material will be discussed in Chapter 4. 
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Some theoretical background of the PVDF sensor and the results from various 
experiments will be explained in Chapter 5 and Chapter 6, respectively. 
The basic design of the 1-D PVDF Sensing System will be explained in Section 7. 
Different versions of the design will be discussed and some experiments on the 
sensitivity and frequency response of the sensing system will be presented in that 
chapter. The experimental setup and results for calibrating the force signal from the 1-
D sensing system will be given in Chapter 8. Based on the experimental results in 
Chapter 8, different approach for improving the sensing signal will be descried in 
Chapter 9. 
The further development of the 1-D sensing system to 2-D Sensing System, and the 
design and experimental results of the 2-D sensing system will be discussed in Chapter 
10. Then, some analysis of the micro-manipulation experimental results will be 
analyzed in Chapter 11. Finally, the conclusion will be drawn and future work will be 
presented. 
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2. Literature Review 
2,1 Control on Micro-Manipulation 
As presented in many papers, the difficulties of micro-manipulation are due to the 
small size of the micro structure. They are fragile and lighter. Therefore, the human 
operator often apply an excessive force, which may destroy the micro structure, or 
makes it flipped away suddenly [8]. These problems in micro-manipulation initiated 
the research interest in providing a force-reflective control system on current micro-
manipulation system. 
Most groups are focusing on developing an actuation system for positioning of 
micromanipulator. A piezoelectric actuator is often used in the actuation system for 
position control of the micromanipulator. In [9], an actuation system is developed 
based on a piezoelectric actuator. A flexure-guided piezo stage is used to drive the 
needle in the desired direction [10]. A lumped-parameter model of a piezoelectric stack 
actuator is developed for control of micro-manipulation in [11]. A typical lead-
zirconate-titanate (PZT) piezoelectric actuator is used in the actuated system and 
piezoelectric ceramics are suitable for using as precise microactuators for 
micropositioning devices or micromanipulators [11]. 
Piezoelectric actuated systems can be provided for a precise positioning of 
micromanipulator and are widely used for the design of micromanipulators. However, 
small strain, hysteresis and drift are problems of piezoelectric actuators, which will 
cause positioning error and instability [12]. In order to eliminate the drift problem of 
the actuator, a close loop control for micro-manipulation is proposed. Moreover, a 
7 
close loop control is needed for high positioning accuracy, high velocity, and 
automated micro-operations [9]. 
2.1.1 Visual Feedback Control 
To provide a close loop control for micro-manipulation, visual servoing system is one 
of the methods for detecting the position of the probe and micro structure. The visual 
feedback system provides a real time image processing, so that it can perform an object 
detection or visual tracking of the object [8]. 
The visual servoing system basically consists an optical microscopes and CCD camera, 
and is proposed and discussed by many research groups. In [13], two approaches for 
visual servoing are discussed: the position-based and image-based. 
A stereoscopic microscope is used as a visual feedback system for micro-manipulation 
in [14]. It consists of two cameras and the object is observed by the stereoscopic 
microscope in three dimensional directions. Two cameras are used to measure the 
object and needle so the micromanipulator is controlled by using a stereovision 
method, which provides the error signal from the measurement of the distance between 
the tip and the object. By monitoring the error signal, the accidents which may destroy 
the structure can be reduced and the position of the needle can be detected so that the 
time for searching the object can be reduced. 
Similar visual feedback system by using multiple vision information from the 
microscopic is proposed by other groups [15] [16]. In [15], the multiple vision data is 
obtained from the CCD cameras, then a recognition algorithm is developed based on 
these information. Therefore, visual system can be used for recognizing the path of the 
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micromanipulator or the position of the micro object. Moreover, the narrow observing 
area from the optical microscope can be improved by this visual system, as each vision 
data has different field of view and magnification [15]. Some visual sensing systems 
for micro-manipulation station are also proposed [17]. 
2.1.2 Sensor-Based Feedback Control 
However, the velocity of the vision hardware is slow, and it may provide insufficient 
information in real-time control of micro-manipulation. The lack of contact 
information of the probe-tip with the micro structure [12] [6] is also a problem with 
vision-based control. Therefore, other sensing methods are needed. By using a suitable 
sensor, the motion of the probe-tip, such as displacement, force, position and etc, can 
be measured. In [9], hall sensors are used for measure the position of the end-effector. 
Besides position control, research in force sensing for control of micromanipulator is 
also proposed. As the accidents happened in micro-manipulation often due to the 
improper force, the force acting on the structure can be monitored to prevent the 
accidents, and precise micro-manipulation can be provided based on the force 
detection from a force sensor [8]. The existing research on force sensing in micro-
manipulation will be discussed in Section 2.2. 
2.1.3 Bilateral Control 
Bilateral is defined as forces of the operation environment are reflected back to the 
operation and the flow of the information is in two directions [12]. With the help of the 
force information, the operation of the micromanipulator can be improved by using 
bilateral control [18]. In [18], a new bilateral control system is proposed with a tri-axial 
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force sensor in biomanipulation operation. As the coupling effect of the output from 
the sensor, the position control of the manipulator will be degraded. Therefore, in order 
to eliminate the coupling of the sensor, a new bilateral control system is proposed in 
[18]. 
2.2 Force Sensing System on Micro-Manipulation 
It is found from the study in literature that there is a demand for sensors to measure 
interaction forces between the probe-tip and micro structure during micro-
manipulation, which is in the range of jLiN [6]. There are different proposed sensing 
methods, e.g. strain gauges, piezoresistive sensors, piezoelectric sensors, 
piezomagnetic sensors, capacitive sensors and laser raman spectrophotometer [6]. 
A piezoresistive cantilever is proposed as a force sensor in micro-manipulation [19]. 
The design consists of a force sensor, and a probe-tip is placed at the free end of a 
cantilever, and the cantilever will be deflected by the forces between the tip and the 
sample surface [19]. The deflection of the piezoresistive cantilevers is measured from a 
Wheatstone bridge. By the resistance change of the piezo resistors, the deflection can 
be calculated, and the resistance change is measured by the voltage change of the 
Wheatbridge stone bridge [19]. 
Strain gauges are used as force measuring sensors by sensing their resistance change; it 
converts the strains into change of resistance, and then the resistance change can be 
measured by a Wheatstone bridge [6]. In [20], a micro force sensor with strain gages of 
semiconductor resistor is designed for micro-manipulation. Again, the end part of the 
sensor is attached to the short glass and so that the contact can be detected [20]. 
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One of the examples in using piezoelectric ceramics as a sensor is discussed in [21]. A 
touch probe sensor with PZT ceramic is used for the design of a microknife to cutting 
operation of micro objects. A PZT thin film is deposited on the surface of the pipe, and 
the ultrasonic vibration is applied to the microknife in the resonance mode of the 
sensor, then the signal is measured once the needle contacts the object [21]. In [22], a 
silicon based micro force sensor was designed with four semiconductor strain gauges. 
The force applied in the beam is measured from the strain induced. 
A Laser Raman Spectrophotometer is proposed for force sensing in [7], in which the 
internal stress of the target is provided by the peak frequency and bandwidth of the 
Raman scattering light. Another force measuring method is proposed in [23], in which 
an optical beam is used to measure a cantilever deflection. In the proposed strategy, a 
light is emitted from the laser diode and focused on the tip of the cantilever, and then 
the light is reflected to the photo diode, which is used as a sensor. The deflection of the 
cantilever is measured by the voltage output from the sensor, and the corresponding 
force applied to the cantilever based on the measured deflection can be found from the 
equation derived in [23]. 
2,3 PVDF Sensor 
Polyvinylide Fluoride (PVDF) is a piezoelectric polymer, which may be used to 
construct simple, robust and low cost sensors. In [24], a PVDF is proposed to use as a 
touch sensors for robot gripper applications. The linearly proportional piezoelectric 
effect of the PVDF film can be applied in touch and release sensing by using a charge 
amplifier, and the force applied or removed on the sensor can be detected [24]. Some 
applications on using PVDF such as a pressure sensor are proposed. In [25], PVDF 
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films are used to measure the normal pressure between the tire and ground. A touch 
trigger probe sensor by using PVDF is developed in [26], in which a circular PVDF 
film sheet is put in the sensor design and divided into three parts. When the probe 
touches an obstacle, the electric signal is generated by PVDF film sensor. A PVDF 
film is also used as a tactile sensor for different applications: shear stress detection in 
an elastic layer [27] and robotic tactile sensor [28]. In [29], a PVDF sensor used as an 
accelerometer is proposed and the PVDF film is attached on a cantilever with a mass, 
so that the vibration of the mechanism is captured from the accelerometer [29]. Some 
analysis and molding of a structure with bonded piezoelectric film sensor is performed 
in [30]. 
In general, the piezoelectric, dielectric, ferroelectric and pyroelectrci properties of the 
PVDF can be used as force sensors, ultrasonic transducers, or pressure sensors [31]. 
2.4 Summary of the Literature Review 
Control of micro-manipulation is needed in the micro world as the forces at that scale 
differ significantly from the macro world. It is shown in literature that different levels 
of control can be applied in micro-manipulation, a simple open loop control is 
performed by using a actuators for micro positioning. However, in order to improve the 
accuracy of the system, close loop control has been proposed. For example, visual 
feedback is widely used in the control scheme of micro-manipulation. Sensor based 
control is important for improve lack of information supplied by visual feedback 
control. Force is one of the important information in the control scheme of the micro-
manipulation, and force feedback can be integrated with a tele-operated system. It is 
known that different types of sensors are used in the force sensing system on micro-
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manipulation, such as piezoelectric, piezoresistive, piezomagnetic and capacitive 
sensors. Piezoresistive sensors are good for measuring a static load. However, the 
current proposed sensors based on piezoresistive effect have insufficient sensitivity for 
micro-manipulation. For these different proposed methods on micro force sensing, 
there are only a few that work on providing accurate and precise force sensors for 
micro-manipulation. However, micro force sensing are the important factors on force 
feedback control, research on micro force sensing has to be done because of the 
insufficient information provided by the current sensors. From the literature survey, it 
is found that PVDF is a piezoelectric polymer which has been applied in many fields. 
From the advantages of the PVDF sensors found in literature, there is a high possibility 




3.1 Introduction of Micro-Manipulation 
As mentioned in the introduction, many surface micromanchined devices are produced 
by MUMPs processes, and assembly and manipulation of these micro devices is 
needed after fabrication. However, a major problem is that human operators have 
difficulties to assemble or manipulate the micro devices due to the small scale of the 
micro structure. Therefore, micromanipulators were developed to let humans to operate 
and manipulate micro devices under a microscope. 
3.2 Probe Station 
The INC 7000 Series Test Station (Micromanipulator Company) is used for micro-
manipulation in this project. A photograph of the test station is shown in Figure 3.1. 
CCD Camera 
Pan and Zoom 
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Vacuum based 
Stage I ^ ^ ^ H ^ H l ^ ^ ^ V ^ ^ ^ ^ I 
Figure 3.1. Photograph of Probe Station. 
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The 7000 Series Probe Station consists of: a magnification microscope, a refined 
microscope translation, with one inch travel in the X and Y directions, a motorized 
stage drive, a pneumatic platen, to incorporate vacuum base manipulators and a stage 
position, that allows for four, five, and six inch travel. 
3.2.1 Micromanipulators 
There are two configurations for the micromanipulator, which is designed for the probe 
station. The two configurations are left and right hand. 
The micromanipulators are used to provide X, Y and Z axis positioning of the attached 
probes. The Model 450 (LH) and the 550 (RH) are designed with 100 threads per inch. 
This allows positioning on targets of micron or smaller. They are vacuum base mounts, 
and the structure is also mounted on the stage by vacuum. Moreover, a Phenolic Collet 
holds the probe and electrically insulates the shield of the probe from the manipulator. 
Insulation resistance is greater than 500 megohms at 5000 VDC. The probe-tip is used 
as a shape endeffector for performing micro-manipulation. 
3.2.2 Microscopes 
An optical microscope is equipped with a CCD camera for observing the position of 
probe-tip and micro structures. The viewing head and three objectives are provided for 
the probe station; the viewing head consists lOX, 15X and 20 X eyepieces. Three 
objectives provided a wide range of magnification. They are 2.25X, 8X and 25X. In 
the experiment, the 2.25X objective is selected in viewing the structure through the 
viewing head. 
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4. Piezoelectric Polyvinylidence Fluoride (PVDF) Sensor 
4.1 Charteristic of PVDF Sensor 
4.1.1 Piezoelectric Properties 
Piezoelectric materials create electrical charge when mechanically stressed. In this 
project, we have investigated the possibility of using PVDF as impulse and dynamic 
force sensors because the charge produced by PVDF is almost linearly proportional to 
the force applied on its surfaces [32] - the current generated by the PVDF can be 
related to an applied force. 
Moreover, the direction of the deflection directly affects the bias of the output voltage, 
and that the output voltage will reverse if the force applied on the PVDF to produce the 
mechanical deformation is reversed. 
The output voltage from the PVDF sensor is due to the change of charge on the two 
conductive plates. Figure 4.1 shown the illustration of the PVDF film generates voltage 
due to the mechanical deformation. 
f f \ f s f  
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个 \ / t 
Figure 4.1. Illustration of PVDF film generates voltage. 
It is known that voltage generated from PVDF when a force is applied on it and then 
released. But the voltage decays to zero after a certain of time if a non-varying load is 
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applied. The time for the voltage decay is affected by the time constant. The time 
constant is determined by the resistance and capacitance of the PVDF film. It is known 
that the capacitance of the PVDF sensor is determined by the material's dielectric 
properties and the surface area, which is shown in Equation 4.1: 
C = £— (Equation 4.1) t 
where £ is the dielectric constant of PVDF, A is the active area of the PVDF film, and 
t is the thickness of the PVDF film. 
The active (overlap) area of the film's electrodes is: 
A = l.2x3 = 3.6cm^ 
Therefore, the capacitance is: 
C = 380x10—9 x3.6 二 1368x10—9/^ 
The time constant of the PVDF can be found as follows: 
„ 广 ph Ael^ 
T = RxC = —j^ (Equation 4.2) 
where p is the resistivity of the PVDF, s^^ is the PVDF normal dielectric constant, h 
is the thickness and A is the area of the PVDF. 
Then, the time constant can be calculated from Equation 4.2: 
ph 广 10"-x(2xlO~') (3 .6xl0^ ' )xl06xl0" ' ' 
r = = T ^ x - = 106 sec 
(3.6x10"') (2x10"') 
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4.1.2 Dimensions of the PVDF Sensor 
A commercial PVDF strips from Measurement Specialties, Inc. (MSI, Shenzen, China) 
was used in our sensing system. The CAD drawing with dimension for this PVDF strip 
is shown in Figure 4.2. From the dimension of the PVDF strip, it is known that the 
thickness is very small compare with the surface area of the film. 
_ ！ 30 ] I h-^ a � ‘ —^— 
f 41 ) 
— — - — — . 」 : .——一 . 
Figure 4.2. CAD drawing of the PVDF strips (dimension in mm). 
The structure of the PVDF strip is investigated. The side view of the PVDF strip is 
shown in Figure 4.3. The film is in a thin sheet form in the thickness of 200|Lim. The 
PVDF consists of five layers: the middle layer is a Piezo film element, which is 
sandwiched by two silver ink layers, and the top and bottom layer are protective 
coating. Electrodes are patterned on the silver ink layer to act as a parallel plate 
capacitor [25]. As discussed in Section 4.1.1，the output voltage is due to the charge 
generated on the two conductive plates, and in the case of the PVDF strip, the two 
conductive plates are the electrodes printed on the each surface of the PVDF film. 
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Figure 4.3. Side view of the PVDF Strip(dimension in mm). 
4.2 Comparison of Piezoelectric Materials 
There are many different piezoelectric materials. Besides PVDF polymer, Lead 
Zirconate Titanate (PZT) is probably the most well known piezoelectric material and 
has been investigated widely as an actuator and sensor, even at micro scales [6]. 
Nonetheless, a PZT is a ceramic material and is very brittle. We have also laser-
micromachined PZT micro-tips successfully in our lab but they are easily damaged 
even when handled with tweezers. 
PVDF, on the other hand, is a polymeric piezoelectric material. In addition, it is easy to 
handle and shape, exhibits good stability over time, and does not depolarize when 
subjected to very high alternating fields. Yet, the cost is that PVDF cannot be used as 
an actuation material as in the case of PZT. Moreover, its low-Q response, compliance 
and ease of use makes PVDF is an ideal piezoelectric rate-of-force sensor, these 
properties that are lacking in most non-polymeric piezoelectrics [32]. 
Table 4.1 provides a comparison of the piezoelectric properties of PVDF polymer and 
two popular piezoelectric ceramic materials. 
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Property Units PVDF PZT BaTiOs 
Film 
Density 一 10'kg/m' 一1.78 7.5 5.7 
"Relative Permittivity e/ep — 12 1,200 1,700 
d3i Constant (10''^)C/N 23 110 78 — 
_ g3i Constant (10'')Vm/N “ 216 10 5 ~ 
— k s i Constant 一 % at 1 kHz 12 30 — 21 
Acoustic Impedance (10”kg/m�sec 2.7 30 ^ 
Table 4.1. Comparison of piezoelectric materials (data provided by technical manual, MSI, Inc) 
It is shown from the table that the g3j Constant is much higher than PZT and BaTiOs, 
which indicated that PVDF has a high sensitivity when it is acting as a sensor. 
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5. Theoretical Analysis of PVDF Sensor 
5.1 Sensitivity of PVDF Sensor 
The voltage output V(s) of a PVDF sensor due to an applied force F(s) in Laplace 
domain can be written as [33]: 
y(5) _ <^ 33 Ts 
A s l . / h l ^ r s (Equation5�1) 
where A is the area of the crystal plate, h the thickness of the plate, is the mechanical 
strain in the 3 direction due to tensile stress T in the 3 direction (which represents the 
thickness direction), T is the time constant of the PVDF sensor and is calculated as 
phC/A, where ph/A is Rp, the resistance of the PVDF sensor and p is the resistivity of 
PVDF, and Cp is the capacitance of the PVDF. 
The above transfer function is a high-pass filter type, so an undesired characteristic of 
the PVDF sensor is that its lower limit of frequency response is > l / z , indicating that 
measurement of constant force is not possible (no DC response). However, with 
proper electrical circuit design, a few mHz input can still be detected [33]. Our current 
effort in optimizing a sensor design for maximum sensitivity at low frequency force 
input is based on Equation 5.1 above. 
As rate-of-force sensors, PVDF have already proven to be effective in controlling force 
damping in macro robotic manipulators [32]; we are currently investigating its 
applications in the micro world. 
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5.2 Relationship between the Deflection and the Force of the PVDF 
As descried in the previous section, PVDF provided force data from the voltage output. 
As shown in the illustration of Figure 5.1, the force applied on the end of PVDF will 
produce deflection. Then the mechanical analysis of the force with deflection was 
carried out. 
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Figure 5.1. Illustration of the force producing mechanical deflection. 
From the mechanical theory of a cantilever beam, the equation of force producing the 
mechanical deflection is shown as follows: 
F = Kxd (Equation 5.2) 
where F is the force applied at the end of the PVDF, K is the proportional constant, and 
d is the deflection of the PVDF. 
From Equation 5.2, K is the stiffness of the PVDF and can be found from the following 
equation: 
K = -jj (Equation 5.3) 
V / 
where w is the width of the PVDF, t is the thickness of the PVDF, I is the length of 
the PVDF, and E is the Young's Modulus of the PVDF. 
By combining Equation 5.2 and Equation 5.3, 
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F = kd 
w五(V ) , … (Equation 5.4) 
V 
5.3 Calculation of the Spring Constant K of the PVDF 
From the PVDF properties, the Young's Modulus of the PVDF is known, and together 
with the dimensions of the PVDF, the spring constant K is calculated from Equation 
5.3: 
P 雄 ] 
4 
V / 
: 0 . 0 1 6 x 2 x 1 0 9 �0 . 0 0 0 2 3 � 
- 4 0.03' 
V y = 231N/m 
From the above calculation, the theoretical value of the stiffness of the PVDF Sensor is 
known. 
5.4 Simulation on the output from the PVDF Sensor 
As shown in Equation 5.1, mentioned in Section 5.1, the predicted voltage output is 
simulated from the equation. Figure 5.2 shown the simulation result from a sinusoidal 
input force. Two different frequency of force are input and the relative output voltage 
are generated. 
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Figure 5.2. Simulation of voltage output on PVDF sensor from a sinusoidal force. 
When the force is changed to an impulse, the simulated output voltage is shown in 
Figure 5.3. It is shown that a high impact voltage is generated due to the impulse force. 
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Figure 5.3. Simulation of voltage output on PVDF sensor from an impact force. 
The simulation results show that the frequency of the voltage output is proportional to 
the frequency of the input force, and the magnitude of the output voltage is influenced 
by the magnitude and frequency of the input force. 
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Based on Equation 5.1, the simulated response as a function of frequency is shown in 
Figure 5.4. It is seen that the transfer function is a high-pass filter type. 
日ode Diagram 
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Frequency (rad/sec) Figure 5.4. Simulation of the response of the transfer function. 
25 
6. Experimental Analysis of PVDF Sensor 
6.1 Force-Deflection Diagram 
In this experiment, the relationship between the force and the deflection of the PVDF 
was found. The deflection of the PVDF was measured when a load was applied at the 
free end of the PVDF. The force was found from a known mass applied at the PVDF, 
and the deflection at the end of the PVDF due to the mass was measured by using a 
Polytec OFV 303 Sensor with a OFV 3001 Vibrometer controller. Based on the 
experimental data, a plot of deflection against weight was generated (Figure 6.1). 
Def lect ion vs W e i g h t 




0.001 ^ ^ z  
0.0005 
0 i 1 1 1  
0 0.002 0.004 0.006 0.008 0.01 
Force (N) 
Figure 6.1. Plot of deflection against input force. 
From the diagram, it is observed that the deflection is proportional to the force 
applied to the PVDF, and the result is consistent to the mechanical theory presented in 
Section 5.2. Moreover, the proportional constant is found from the slope of the straight 
line in Figure 6.1, which equals: 
K 二?>.56NIm 
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By comparing the experimental value of the spring constant of K with the theoretical 




The possible error of the experiment may come from the accuracy of the deflection 
measurement. 
6.2 Frequency Response of the PVDF Sensor 
The voltage and the amplitude approach to maximum value when the input signal is at 
a particular frequency. At this state, the PVDF is at resonance, and this frequency is 
called Resonance Frequency. 
It is known from Equation 5.1 of Section 5.1 that the voltage output is changed with 
the excitation frequency of the input signal and the deflection of the PVDF. Also, from 
the simulation results, when applying a sinusoidal signal to the PVDF, the voltage 
output is proportional to the frequency of the signal. 
The frequency response of the voltage and deflection of the PVDF sensor were 
investigated. A B&K Vibration Exciter Type model 4809 was used to excite the PVDF 
sensor with different known frequencies, the voltage from the PVDF was measured 
from the oscilloscope, and the output amplitude at the end of the PVDF was measured 
from a Polytec OFV 303 Sensor with a OFV 3001 Vibrometer controller. In order to 
verify that the input amplitude is constant, the input amplitude of the vibrator with 
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different frequency was measured and the relative output amplitude of the PVDF was 
found. 
In this experiment, a function generator was used to generate a sinusoidal wave to the 
vibrator. It is observed on the oscilloscope that the PVDF generates a sinusoidal output 
voltage due to the input force and the frequency is followed by the input frequency of 
the exciter. The peak-to-peak value of the voltage was measured at that frequency. 
After changing the frequency, amplitude of the output voltage and deflection were 
changed, and then a plot of voltage and amplitude against frequency were generated 
(Figure 6.2). 
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Figure 6.2. Plot of voltage and amplitude against frequency. 
From Figure 6.2, it is indicated that the voltage output and the amplitude are followed 
by the frequency. The output voltage is higher for PVDF sensors at higher input 
frequencies, even if the input force amplitude remains constant. The resonance 
frequency is also known from Figure 6.2, which has the value of around 50Hz. 
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The relative amplitude was found from the ratio of the output amplitude to the input 
amplitude. The plot of the voltage and relative amplitude with frequency ratio, which is 
the ratio of the frequency to the resonance frequency, was also generated (Figure 6.3). 
It is observed that the relative amplitude is followed by the input frequency. 
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Figure 6.3 Plot of the voltage and relative amplitude against frequency ratio. 
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7. 1-D PVDF-Based Sensing System 
In this part, the basic design of the sensing system used to sense the force under micro-
manipulation was presented. The 1-D sensing system was designed to sense one 
direction of force. The modified design of the 1-D sensing system was also illustrated. 
Based on the design of the 1-D sensing system, some experiments were performed to 
analyze the natural frequency and the sensitivity of the sensing system. These data are 
important to predict the limitation of the sensing system. The results are presented in 
the following sections. 
7.1 Original Design of the Sensing System 
A 1-D sensing system was designed for sense the force under manipulation, the 
conceptual drawing of the origin design was shown in Figure 7.1. The design consists 
of three parts: a plastic pipe, a PVDF sensor and a probe-tip holder. The concept of the 
sensing system is that the sensing system will be integrated with a commercial probe-
tip and micromanipulator, one side is fixed with a micromanipulator, the other free end 
is connected with a probe-tip. After the probe-tip moved the micro structure during 
micro-manipulation, the structure will give a reaction force on the probe-tip and so that 
the PVDF will be deflected due to the reaction force. The voltage from the PVDF 
sensor will be generated and proportional to the force applied on the sensor. Therefore, 
the safety range of force applied on the micro structure can be calibrated and known by 
the voltage output from the sensing system based on this design. 
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Figure 7.1. Conceptual drawing of the 1-D sensing system. 
The sensing system is integrated with an x-y-z programmable micromanipulator, 
which is a magnet base mount. The micromanipulator is used to hold and control the 
movement of the probes during the micro-manipulation. 
7.1.1 Plastic pipe and adapter 
The plastic pipe is connected to the micromanipulators and the PVDF sensor. It is 
made of ABS plastic. The advantage of using ABS plastic is that it is a light material. 
The prototype of the pipe is made by the Stratasys INC. Fused Deposition Modeling 
(EDM) 1600 machine. The diameter of the pipe is 3.2mm and the length is 60mm. 
A plastic adapter is designed to connect the pipe and a PVDF sensor, screws are used 
to fixed the pipe with the adapter. The mechanical drawing of the model is shown in 
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Figure 7.2. Mechanical drawing of the plastic adapter. 
7.1.2 PVDF Sensor 
A PVDF sensor is integrated with the pipe and probe-tip holder by using the plastic 
adapter (Figure 7.2). The dimension of the PVDF sensor used in the system is shown 
in the Section 4.1.2 (Figure 4.2). The free length of the PVDF sensor is about 20mm so 
a deformation produced when a force applied to the probes. 
7.13 Probe-tip holder 
The probe-tip holder is designed for holding probes under micromanipualtion, and it is 
connected with the PVDF sensor by using the plastic adapter (Figure 7.2). 
The Micromanipulator Company, Inc model 7B probes are integrated with the sensing 
system. The diameter of the probe-tip is SO i^m, it is designed to manipulate a small 
target and for general purpose. 
7.2 Current Design of the Sensing System 
From the design mentioned in Section 7.1, it is assumed that there is no bending on 
PVDF and it is in a horizontal position before a force applied on it. However, in the 
real case, the PVDF bended with a little displacement because of the load of the probe-
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tip holder and the probe. Moreover, the loading effect at the free end of the PVDF 
caused some unwanted signal such as noise and large vibration. Comparatively, most 
of the loading effect came from the probe-tip holder, so the design for the sensing 
system is modified to decrease the loading weight of the PVDF, and the conceptual 
drawing of the new sensing system is shown in Figure 7.3. 
Pipe connected to '‘ ’ � � : � � � � , 
micromanipulator “ 
PVDF Sensor Probe Tip • \ 
Figure 7.3. Conceptual drawing of the current 1-D sensing system. 
It is shown from Figure 7.3 that the first part of the new design is same as the original 
design (Figure 7.1)，but another plastic adapter is designed to eliminate the using of 
probe-tip holder, and to connect the PVDF and probe directly. The mechanical drawing 
of the plastic adapter is shown in Figure 7.4. It is designed for different thickness of 
probes and the screw is put to fix the probe and the plastic adapter. 
Place for insert 
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Figure 7.4. Mechanical drawing of the plastic adapter for connected the PVDF and probe. 
33 
73 Analysis of the Sensing System 
7.3.1 Frequency Response of the Sensing System 
7.3.1.1 Experimental Setup 
In that experiment, the frequency response of the deflection of the sensing system was 
investigated. The experimental setup is shown in Figure 7.5. A Polytec OFV 303 
Sensor with an OFV 3001 Vibrometer controller was used to measure the amplitude of 
the probe-tip of the 1-D sensing system. The 1-D sensing system was placed on the 
center of a B&K Vibration Exciter Type model 4809, a function generator input a 
sinusoidal signal to the exciter, and it vibrated in a sinusoidal mode. The input voltage 
to the exciter is 16V and the input frequency was changed, so the system vibrated in 
different frequency. The peak-to-peak amplitude of the exciter and the probe-tip were 
both recorded at different frequencies. The amplitude of the vibration of the exciter and 
probe-tip was measured from the peak-to-peak voltage output from the Polytec OFV 
Sensor and the sensitivity of the sensor was set to 1 2 8 0 j L i m / v o l t , so the amplitude of the 
exciter and probe-tip from the voltage output of the controller were calculated. 
Sensor … ” 
(a) (b) 
Figure 7.5. (a) Vibration Exciter, sensor and 1-D PVDF Sensor Probe, (b) Vibrometer controller. 
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7.3.1.2 Experimental Results 
The plot of input amplitude against frequency (Figure 7.6) and the output amplitude of 
the probe-tip against frequency were generated (Figure 7.7). It is observed that the 
input amplitude of the exciter is not constant when the frequency is lower than 9Hz and 
larger than 50Hz. It may because the low response of the exciter at low frequency and 
the accuracy error of the measurement of the sensor. For the high frequency, the exciter 
cannot return to the origin position because the response is not fast enough, so the 
amplitude decreases at higher frequency. The relative amplitude is found from the ratio 
of output amplitude to input amplitude, and the plot of the relative amplitude changed 
with frequency are shown in Figure 7.8. 
Input A m p l i t u d e aga inst F requency 
180厂——————————————————————————————————] 
？ 160 ——-——.~^  
1 4 0 / 
« 120 - - / ] I 100 —I  
< 60 -4 
兰 4 0 f  
t 20 4 — — -
一 0 4 1 1 1 , 1 
0 2 0 4 0 6 0 8 0 1 0 0 
Frequency(Hz) 
Figure 7.6. Plot of the input amplitude against frequency. 
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Figure 7.7. Plot of output amplitude against frequency. 
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Figure 7.8. Plot of relative amplitude against frequency. 
From the experimental results, there are two natural frequencies of the system: 
f,=9Hz 
f2 = 73ft 
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7.3.1.3 Theoretical Results 
From the experimental results, it is observed that there are two natural frequencies of 
the system. In order to verify the experimental results, the theoretical value of these 
frequencies is analyzed by modeling the system and derived the equation of motion of 
the system. The free body diagram of the 1-D PVDF sensing system is illustrated in 
Figure 7.9. 
Plastic Pipe i-J—i PVDF r- l—, ——^ 
Kpipe Plastic K p v D F Plastic and 
Probe tip 
Figure 7.9. Free body diagram of the 1-D sensing system. 
As found from the experimental results, there are two resonant frequencies of the 
output from the system. One of the resonances comes from the PVDF, as it has a 
smaller spring constant K, and the other resonance may come from the pipe. The spring 
constant of the probe-tip is much higher than the pipe and PVDF, so it is assumed that 
it has a small effect on the resonant response of the system compare with the pipe and 
PVDF and it has been considered only as a mass of the system. 
The equations of motion are shown as follows: 
For Mj : 
Ml兄 + K隱{X, - )+ = 0 
” + � K- + Kp醫 )X, - KpvdfX: = 0 (Equation 7.1) 
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ForM2 ： 
M2X2+ K隱{X^-X,) = 0 (Equation 7.2) 
where Kpipe is the spring constant (stiffness) of the pipe rod, Kpvdf is the spring 
constant of the PVDF, M； is the weight of the Plastic, connected the pipe rod and the 
PVDF, M2 is the total weight of the Plastic and probe-tip, Xj is the displacement of M；, 
• • • • 
X2 is the displacement of the M2, X^ is the acceleration of M�and X: is the 
acceleration of M2. 
Convert the Equation 7.1 and Equation 7.2 into matrix form: 
Mj 0 X nine + ^PVDF - KPVDF \ 1 f^ _ u " + r 二 (Equation 73) 似2�[12] L - KPVDF 尤PraF�|^ X2j [OJ 
The characteristic equations: 
.,Kpipe + KpvDF —又Ml _ KpvDF ^ . ^ ,, 
det " _ _ =0 (Equation 7.4) 
^ PVDF ^ PVDF — ^ ^ 2 
where A ^ is the eigenvalue. The natural frequency �广 can be found as: 
From Equation 7.4， 
(Kpvor -义似 2)(&押e + 火 PVD 尸 = 0 
, ( � (Equation 7.5) 
二 又-MiM2 + Mr MiKpipe — M i K p 暫 ) + �,"eb— = 0 By solving Equation 7.5, the eigenvalue is found as: 
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^ = r r r - ^ (Equation 7.6) 2M1M2 
where A = { M — M^K請—M.KP腳-4. K 
From Equation 7.6, the eigenvalue is related to the two spring constants. The spring 
constant of the PVDF is found from the previous section, and the spring constant Kpipe 
of the pipe is found as follows: 
I 
厂 _ pipe pipe m „ „s. 
K pipe - - 3 " " “ (Equation 7.7) pipe 
where Lpipe is the length of the pipe, Ipipe is the moment of interia of the pipe, which is 
found from the following equation: 
, nd' 77:0.0034 … … 4 Z 膠 “ = 5 . 1 4 7 - 1 0 � 4 (Equation 7.8) u 4 d 4 
Epipe is the Young's Modulus of the ABS plastic, which is found from the data sheet of 
manufacturers and equal to: 
2.482.109pa 
Therefore, the spring constant of the pipe is: 
3£； / K — pipe pipe 
pipe — ~ 3 pipe 
3x2.482.109x5.147-10-i2 … … … = Z = 177.443A^/m 0.063 
Now, the spring constant of the PVDF is: 
KpvDF = 231N/m 
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and the weight of M] is equal to: 
Mj = 9.58x10-4 
and the weight of M2 is equal to: 
M2 = 7.78x10-4 j^g 
By substitute the above values into Equation 7.6，the eigenvalue is equal to: 
义—{^iKptpe -^iKpvor -^2Kpvo,)+yfA 
where A = ( M , / ^ 厚 醫 — 仏 尺 m j " 一Kp警M^M� 
Then, 
Aj =1.877-10' sec—2 
Vl.877-10' = 433.287 sec"' 
2 一 
A, =3.006.103 sec—2 
� , ,2 = V ^ = V3.006-10^ = 54.826sec-i 
Therefore, the two natural frequencies are: 
f „ , = ^ = 6S.96Hz In 
令 = 8.726"Z In 
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From the theoretical results, it is observed that the two calculated natural frequencies 
are close to the frequencies found from the experiment (as seen in Figure 7.8). 
7.3.2 Sensitivity of the Sensing System 
The sensitivity of the sensing system was investigated by using the experimental setup 
shown in Figure 7.5. It was described in Section 7.3.1.1 that a Polytec OFV 303 Sensor 
was used to measure deflection, and a B&K Vibration Exciter was used to excite the 
sensing system. In the experiment, the sensitivity of the output voltage from PVDF 
sensor with deflection was investigated. 
7.3.2.1 Sensitivity of Output Voltage with Input Acceleration 
In this experiment, the amplitude of the exciter was changed while keeping a constant 
frequency, then the amplitude of the exciter was measured and recorded as the input 
deflection and the corresponding output voltage generated from the PVDF sensor and 
through the charge amplifier was measured from the oscilloscope. Then, different plots 
of output voltage against input deflection for different frequencies were generated 
(Figure 7.10). From different curves observed in Figure 7.10, the voltage is increased 
with the input deflection, and the sensitivity of the output voltage with input deflection 
changed with different frequency and plot of the sensitivity against frequency was 
generated (Figure 7.11). 
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Output voltage against Input Deflection 
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^ 25000 ^ ^  
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Input Deflection (j im)  
Figure 7.10. Plot of output voltage against input deflection at different frequencies. 
Sensitivity of Voltage with Input Deflection 
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Another experiment for testing the sensitivity of output voltage with input acceleration 
was performed. In that work, an accelerometer was used to measure the acceleration at 
the input of the sensing system, then the output voltage from the P V D F was measured. 
The sensitivity of voltage with measured input acceleration with frequency was 
generated (Figure 7.12). 
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Sensitivity of Voltage with Input Acceleration 
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Frequency (Hz) 
Figure 7.12. Plot of sensitivity of voltage with measured input acceleration against frequency. 
In order to verify the experimental measurement of the acceleration, some calculation 
of the input acceleration from the deflection was performed. 
Based on the amplitude of the input deflection, the corresponding amplitude of input 
acceleration at that frequency could be calculated. The equation for calculating the 
acceleration with known amplitude of displacement and frequency is: 
Kceleranon (EqUatiOIl 7.9) 
where A職,“,訓 is the amplitude of the input acceleration and A is the amplitude of 
the input displacement. 
CO is the angular velocity and could be found from: 
(0 = 27rf (Equation 7.10) 
After the above calculation, the input acceleration from different measured input 
deflection is known, and the plot of output voltage against input acceleration (Figure 
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7.13) and the sensitivity of voltage with input acceleration with frequency are 
generated (Figure 7.14) 
Output vo l tage aga inst Input Acce le ra t ion 
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Input Acce lera t ion (m/sec"^) 
Figure 7.13. Plot of output voltage against input acceleration at different frequencies. 
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Figure 7.14. Plot of sensitivity of voltage with calculated input acceleration against frequency. 
From the curve of Figure 7.13，the minimum input acceleration that could be measured 
from the PVDF at different frequency is known. Below the minimum value, the PVDF 
generate the voltage is too small that cannot be observed. 
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By combining Figure 7.12 and Figure 7.14, the results could be compared and is 
plotted in Figure 7.15. 
Sensitivity of Voltage with Input Acceleration 
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Frequency (Hz) 
Figure 7.15. Comparison of experimental and theoretical sensitivity of voltage with input acceleration. 
7.3.2.2 Sensitivity of Output Voltage with PVDF Deflection 
As the generated voltage is due to the deflection of the PVDF, so the sensitivity of the 
output voltage with PVDF deflection at different frequencies is investigated. The 
experiment was done by the same setup mentioned in Section 7.3.1.1，and the 
deflection and corresponding output voltage were both measured. By changing the 
input amplitude of the exciter, the deflection of the PVDF is changed and so the output 
voltage is changed. Figure 7.16 shows different curves of output voltage against PVDF 
deflection at different frequencies. It is observed that the output voltage is increased 
with the increasing deflection, but the slope of the curves are changed with different 
frequencies. Therefore, the plot of the sensitivity of the PVDF in the sensing system 
with frequency was generated (Figure 7.17). Once the frequency and output voltage are 
known, the corresponding PVDF deflection can be estimated. 
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Figure 7.16. Plot of output voltage against PVDF deflection at different frequencies. 
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Figure 7.17. Plot of sensitivity of voltage with PVDF deflection against frequency. 
7.3.2.3 Sensitivity of Output Voltage with Output Deflection 
In this part, the experiment for analysis of the sensitivity of the output voltage with 
probe-tip deflection was carried out by using the same experimental setup used in 
Section 7.3.1.1. The deflection of probe-tip was measured and then the voltage was 
recorded at different frequencies. Again, the plot of the output voltage with tip 
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deflection at different frequencies were generated (Figure 7.18), and the output 
sensitivity versus frequency was also generated (Figure 7.19). 
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Figure 7.18. Plot of output voltage against probe-tip deflection at different frequencies. 
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Figure 7.19. Plot of sensitivity of voltage with probe-tip deflection against frequency. 
7.3.2.4 Force Analysis 
Based on the analysis results of Section 7.3.2.2, and the stifftiess calculation presented 
in Section 5.3, the sensitivity of voltage output with force applied on the PVDF against 
47 
different frequencies was plotted (see Figure 7.20). This plot was generated based on 
Figure 7.17, i.e., from the calculated spring constant, the force can be calculated by the 
multiplying the deflection by the spring constant. Based on the sensitivity, the plot of 
force applied against voltage was also generated (see Figure 7.21). From the plot, the 
force can be calculated when a voltage and frequency are known. 
Sensitivity of the Voltage Output with Force applied on 
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Figure 7.20. Plot of sensitivity of voltage with force applied on PVDF against frequency. 
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Figure 7.21. Plot of output voltage against force at different frequencies. 
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8. Experiments on 1-D PVDF Sensing System 
We have demonstrated a 1-D sensing system (see Figure 7.3) capable of sensing juN 
force, i.e. force signals from manipulating a micro structure could be detected. We 
have shown that the signal from touching a substrate and touching a micro structure is 
distinguishable using this sensing system. The experimental setup and results are 
presented in this section. 
8.1 Experimental Setup of the 1-D Sensing System 
The experimental setup for calibrating the force signals is illustrated in Figure 8.1 and 
the experimental setup constructed is shown in Figure 8.2. We have integrated the 
manipulator with a computer controllable controller and have investigated in more 
detail the performance of the 1-D system. In the illustration of Figure 8.1, the micro 
structure is mounted on the stage of the probe station, then the PVDF sensing system is 
integrated with the programmable micromanipulator, the x-y-z movement is controlled 
by the computer through the controller or input device manually. The CCD camera 
provided a visual feedback which allows us to observe the real-time image of the probe 
and micro structure under the microscopes in the computer. After the 1-D sensing 
system is positioned under the microscopes of the probe station, the experiment can be 
started. During the micro-manipulation, the sensor's signal is sent to the charge 
amplifier and then the signal can be observed in the oscilloscope. 
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Figure 8.1. Illustration of experimental setup for calibrating the force signal. 
(b) 
Figure 8.2. Experimental setup for sensing force signal from 1-D sensing system. 
8.1.1 Programmable Micromanipulator 
In order to control the probe-tip accurately and provide a computer-based and 
automated sensing system, a Sutter Instrument Company MP-285 Motorized 
Micromanipulator was used in the experiment. This micromanipulator can be 
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controlled by computer with known driving displacement, coordinates, resolution and 
velocity. 
It is a three-axis micromanipulator which can be controlled by a provided input device, 
Rotary Optical Encoder (ROE). The three-axis robotic movement is controlled by the 
programmable computer controller and software programming interface developed by 
the company (see Figure 8.3). In the experiment, the micromanipulator is commanded 
to move by inputting the commands in the interface, like displacement, absolute 
coordinates, or pick a point in the x-y plane. 
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；Step I 
Coordinates i , | • 
� - z j 丨 
Step Change 
12700 
Velocity x z X-Y plane 
i R ^ r i Q W I 诵 - D e s i r e d P o s i t i o n : X 「 " 1 2 7 9 8 " ‘ _ Y j - 7 4 4 " . Z 「 " - 1 1 9 0 7 ^ — ^ j 
Fo�Help , press F1 
Figure 8.3. Interface of the MP285 programmable micromanipualtor. 
8.1.2 Charge Amplifier 
The low frequency response of our sensing system is improved by using a charge 
amplifier, to convert the high impedance output to a usable low-impedance voltage 
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signal. A B & K Type 2692 four channel, NEXUS charge conditioning amplifier is 
used in the experiment. 
The parameters in the amplifier set-up menu directly affect the measured output, 
therefore the parameters must be set up before the measurement. It has a main 
parameter line that could be chosen: High-pass Filter, Low-pass Filter and Output 
Sensitivity. 
For choosing the high-pass filter option, the lower limiting frequency for the input 
channel can be set. For the charge input channel, the range of cut-off frequency for 
acceleration measurement is from 0.1 Hz, IHz and lOHz. Without affecting the desired 
measuring range, the lower limiting frequency is set to IHz, to reduce environmentally 
induced low-frequency noise and to reduce the settling time of the filters. 
Similarly, for choosing the low-pass filter option, the upper limiting frequency for the 
input channel could be set. For the charge input channel, the range of cut-off frequency 
for acceleration measurement is from O.lkHz to lOOkHz. The lowest possible upper 
limiting frequency should be selected to reduce the influence of unwanted high 
frequency environmental disturbances on measurements. For accelerometer input an 
upper frequency limit was selected which filters the effects of the sensor's resonance 
frequency. It is known from the Section 7.3.1 that the high resonance frequency of our 
PVDF sensor is around 70Hz, but the lowest cut-off frequency for low-pass filters is 
O.lkHz, so the resonance frequency could not be filtered. Therefore, the desired 
frequency range for the measurement is set as O.lHz and lOOkHz for the high-pass and 
low-pass filters, respectively. It is a very large frequency range and so most of the 
signal can pass through the charge amplifier. 
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For setting the output sensitivity of the amplifier, the values could be selected from 
2 2 
lOOmV/ms" to lOkV/ms" . The system gain is automatically calculated from the 
calibrated output values relative to the transducer sensitivity. In the 1-D sensing system 
measurement, the sensitivity is set to lOOmV/ms"^ and the transducer sensitivity is 
5pc/ms'^, the value is found from the calibration of the company for PVDF strips. 
8.2 Calibration of the l-D Sensing System 
8.2.1 Noise Signal from the system 
The unwanted noise signal from the sensing system was calibrated in the experiment. 
From the noise signal observed in the oscilloscope, there are two different frequencies 
of noise from the system. 
As presented in Section 8.1.2, some unwanted noise signals could be filtered by 
choosing a suitable cut-off frequency for low-pass and high-pass filters. The lowest 
cut-off frequency for high-pass filter is 0.1 Hz. At this setting of the charge amplifier, a 
obvious noise signal is observed in the oscilloscope (see Figure 8.4)，and it is observed 
that there is a low-frequency noise and the noise may have came from environment or 
vibration of the sensor, and the peak to peak voltage of this low-frequency signal is 
around 400mV. When the cut-off frequency is increased to IHz, the changes of noise 
signal is observed (see Figure 8.5), it is shown that the low-frequency noise shown in 
Figure 8.4 is filtered. 
53 
I f e k … . J L _ stop m Pof： _ 0 s 
； * - W » - * « 4 
； 飞 « m. « 〜 >. « '4 
I "‘ . “ 、 •：• » -i 4 
• - • ， ^ • 氣 • .务 ^ 
^ fc i * * ^ . » « J. ^ » * t I. , I. » . ( � i 4 
• ' < ^ «•• fc »• Ik \ * * • * “ •*• P. ：：• -4 广 •：< « ？ w « 
—4 « « « # t « 7 .沒.k « • ， « ，，， ， 务、子，鬼.•凌..乡，，—. — .•.次 j 
» X - v i ^ 
“ » - * • 1 « ， 、. r- ii 
• 、 — — 务 — — � . i «( -i • . » ^ 
^^  、 、 、 , % - 办 4 
“ ^ ， »• * » -S. A. -J 
‘ 为- • V. • > ， r ， � * ^^  
• .i . . � « ‘ « N • . » . 
.• ， * * < % • • « 
^ > -f — t * » r-^  
‘ » • 
- * * •： •• ， » it. ix •s ，：<. X.，� ji^  n * ，a » » .X 气 《•》*.-»；， « *- r, » •»； 
；‘ V: . * 'i- —• S - — - -4 
r V. 4. » K ；i. -ti 
， '•‘ » H » ». t .» 4 
a i l l S i f # ^^^^^WSJOs CHI / 
Figure 8.4. Noise signal for the low cut-off frequency is O.lHz of the charge amplifier. 
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Figure 8.5. Noise signal for the low cut-off frequency is IHz of the charge amplifier. 
From Figure 8.5, it is observed that there is still a low frequency noise in the output and 
this frequency noise cannot be filtered by the charge amplifier. 
When the time-base of the CRO is increased to 25ms/div, the high-frequency noise 
signal could be observed, and the highest cut-off frequency of the low-pass filter is 
lOOkHz; for this setting of the charge amplifier, a noise signal is observed in the 
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oscilloscope (Figure 8.6). As the lowest cut-off frequency for high-pass filter is 
decreased to O.lkHz, the noise signal for this frequency is same as the noise signal for 
lOOkHz. It is seen that the high-frequency noise is below lOOHz, so it cannot be 
filtered as the lowest frequency of the charge amplifier is O.lkHz. From the results of 
the frequency response for the sensing system, the high-frequency noise may come 
from the resonance of the system, as the high resonance frequency of the system is 
around 73Hz. 
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From observed in the noise signal, some frequency of noise cannot be filtered 
internally because of the limitation of the charge amplifier. 
8.2.2 Signal from vibration 
We have calibrated the signal from the vibration of the sensor. From the side-view of 
the drawing for the 1-D sensing system (see Figure 8.7), the x and z direction of the 
moving plane is defined for the system. 
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AJ 一 
Figure 8.7. Conceptual drawing of the side-view of the 1-D sensing system. 
8.2.2.1 Results from moving in z direction 
In the experiment, the sensing system was commanded to move in z direction with 
different displacement and at various velocity of the manipulator. A typical signal was 
received from the PVDF sensor when the sensing system had moved a certain 
displacement at a constant velocity (see Figure 8.8). 
Itek 1 i i m te ..y,yrrr'rr'y rt'fy^ -'rY'ii <t rrVyrrTir•；•ytTyp H t. t r 
» » —. . s , , . .叙 
» « . i -t ^ 备 
;….i…�…、；… Peak … : … ； 
^ ^ amplitude 丨丨； 
r ， - •，： - / - - - 、， 
：、’：. ： ， ‘ I 餘 、 ‘ ‘ — 
： 厂 ：Voltage decay 厂 二" 
：….丄…；to zero ,丄…：:…丄…3 
a i r 獻 ‘ “ “ “ … I I — - ’ ； 
Figure 8.8. Typical output of the vibration in z direction at displacement d is lOO i^m and velocity v is 
lOOOpim/sec. 
For the signal shown in Figure 8.8, the displacement and the velocity of the 
manipulator are 100|Lim and lOOOjLim/sec respectively. By adjusting the velocity of the 
manipulator, different vibration signals were obtained (see Figure 8.9 and Figure 8.10). 
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From the vibration signal, it is observed that a large peak voltage appeared when the 
system started to move, and then the amplitude decreased with time, and it approached 
to zero after a certain period of time. The plot for the largest amplitude against 
displacement is generated (see Figure 8.11). It is seen that the slope of the curve 
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increased with velocity. When the velocity increased, the peak amplitude increased 
with the same displacement. The output voltage against velocity of the manipulator at a 
constant displacement is generated (see Figure 8.12). 
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Figure 8.11. Plot of peak amplitude of the voltage output against displacement of the micro-manipualtior. 
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From the vibration signal, it is observed that the peak voltage of the sensor varied from 
2V to 8V, it is a large voltage and it implies that PVDF is an acceleration sensor which 
is very sensitive to vibration. 
8.2.2.2 Results from moving in x direction 
The same experiment as section 8.2.2.1 for x direction was carried out. A typical signal 
for the sensing system moving in x direction is shown in Figure 8.13. The 
displacement and the velocity of the manipulator are lOOjum and lOOOjim/sec 
respectively. When the velocity of the manipulator is increased, the vibration signal 
was observed on the oscilloscope (see Figure 8.14). 
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Figure 8.14. Typical output of the vibration in x direction at displacement d is 100|jm and velocity v is 
4000|im/sec. 
It is seen that the peak voltage is increased when the velocity is increased, but compare 
with the experimental results for z direction with the same configuration, the peak 
voltage is smaller for x direction. It is because the sensing signal from PVDF is directly 
affected by the deflection direction, it has the largest effect when the bending direction 
is perpendicular to the surface of the PVDF. 
8,3 Experimental Results on touching a substrate 
8.3.1 Description 
The force of the probe-tip impacting the substrate which holds the micro structure 
could be detected by the PVDF sensing system. In this experiment, a controller for the 
manipulator was used to move the probe-tip to the substrate (in negative z-direction) at 
different velocities. The MCNC MUMPs43 chip is tested in the experiment. 
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The displacement and the velocity of the manipulator is controlled by using a user 
interface in the computer connected to a programmable controller, and the x-y-z 
coordinate and the velocity of the manipulation is known. Before the experiment, we 
captured the signal on the CRO (see Figure 8.15). It is seen that the probe was not 
touched the substrate and the signal is due to the noise or the natural vibration of the 
PVDF, and the noise signal is large because the PVDF and probe-tip were free to 
vibrate at that moment. 
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Figure 8.15. Signal before the experiment. 
In the experiment, the sensing system is commanded to move a constant displacement 
until it touched the substrate by observing the signal of PVDF, it moved towards the 
substrate (negative z direction). Figure 8.16 shown the top view of the image for the 
position of the probe, it is the real-time image from the CCD camera of the probe 
station. It is seen that the probe did not initially touch the substrate from the image 
(Figure 8.16a), after a certain displacement, the probe is focused under the microscope 
(Figure 8.16b). However it could not directly be verified whether the probe touched the 
substrate or not, it could be known by observing the signal from the sensor. If the probe 
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has not touched the substrate, then there is no bending effect on the PVDF. Therefore, 
only a vibration signal occurred in the output when it started to move and it implied 
that the probe has not touched the substrate. 
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Figure 8.16. Top view of the micro probe and substrate holding the micro structures, (a) Photograph of the 
probe at the starting position, (b) Photograph of the probe at the final position. 
8.3.2 Results from touching a substrate 
Once the probe-tip touched the substrate, an impact signal was detected (Figure 8.17). 
The vibration appeared when the probe is commanded to move (Point A), and the 
impact signal (Point B) is come from the bending of the PVDF. After the impact 
signal, we have observed that the signal returned to the original value (Point C) after a 
certain time (500msec), this phenomenon is due to the piezoelectric nature of the 
PVDF sensor — the charge cannot be stored in the sensor under static deflection. 
Moreover, the noise signal decreased after the probe had touched the substrate, it can 
be explained by the phenomenon that the PVDF is fixed with the substrate so the 
natural vibration could be eliminated. Once it touched the substrate, the coordinate is 
recorded and it defined as the final position. 
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Figure 8.17 Impact signal from touched substrate at displacement d is 1000|im and velocity v is 
1000|im/sec. 
When the starting coordinate is increased, but the final position is the same, different 
signals are observed (see Figure 8.18 and Figure 8.19). 
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Figure 8.18. Impact signal from touched substrate at displacement d is 2000pim and velocity v is 
1000|am/sec. 
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Figure 8.19. Impact signal from touched substrate at displacement d is 200|im and velocity v is 
1000|im/sec. 
In these two figures, the velocity of the manipulator is the same and it is seen that the 
travel time is increased when the travel distance is increased, but the peak voltage of 
the impact signal is nearly the same. It is because the voltage output changed with the 
velocity and the bending deflection, but the travel distance could not affect the output 
of the sensor. 
The peak voltages of the impact signal with different velocities of the manipulator are 
also investigated. The typical outputs for different velocities are shown in Figure 8.20. 
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Figure 8.20. Impact signal from touched substrate at displacement d is 200jim and velocity v is (a) 
2000^im/sec, (b) 3000^m/sec. 
The peak voltage from the impact is increased when the velocity of the manipulator is 
increased. The travel time and peak amplitude from vibration are also increased with 
velocity. The travel time is determined by the time from the vibration to the impact 
signal. 
The peak amplitudes of the output voltage from impact with different impact velocities 
on the substrate are also investigated (see Figure 8.21). The peak voltage from impact 
is increased with impact velocity. 
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Figure 8.21. Peak amplitude of output voltage versus impact velocity on the substrate. 
The output for the probe moving away from the substrate (positive z-direction) is also 
investigated. The output from the sensor when the probe is moved away from the 
substrate is shown in Figure 8.22. 
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Figure 8.22. Typical output from moving away the substrate. 
The impact signal came from the PVDF returned to the origin. The impact signal is 
negative on the CRO because the opposite moving direction of the sensing system. The 
vibration was come from the vibration of the PVDF when it stopped to move. 
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8.3.3 Analysis of the deflection after touched a substrate 
As observed from the previous results, the peak voltage from impact changed with 
velocity of the manipulator but not changed by the moving distance to the substrate. 
Once it is detected by the impact signal that the probe has touched the substrate, the 
moving distance of probe from the probe touched the substrate can be calibrated. 
Before the experiment, the probe is commanded to move downwards with a lOjLim 
increment, until it touched the substrate by observing the signal. At this point, it is set 
to be an initial point of the experiment, then the probe started to move downwards with 
a certain displacement, the displacement of the manipulator moved should be 
proportional to the deflection of the PVDF. 
By increasing the deflection with 20|im each time and keeping the constant velocity at 
2000|im/sec, the corresponding output voltage of the PVDF is recorded. The plot of 
the output voltage with the displacement of the manipulator is generated (see Figure 
8.23). 
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Figure 8.23. Plot of the output voltage against displacement of the micro-manipualtor. 
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From the figure, it is seen that the plot is not a linear proportional straight line, it 
implies that the voltage is not linearly proportional to the displacement. But the voltage 
is increased with the deflection. The possible reason may come from the bending effect 
of the PVDF, the deflection of PVDF and the displacement of the probe may not be 
exactly the same as the displacement of the manipulator. 
From the figure, it is seen that if the deflection is between 0-60jLim, the voltage does not 
change largely, it implies that the PVDF is not sensitive to detect small deflection, it is 
the reason that we are difficult to observe the signal from a small force because the 
deflection of the micro structures may be far smaller than this scale. 
Another problem is that the position of the PVDF touched the substrate has changed 
slightly each time in this experiment and the offset is around 10|Lim. The reason is that 
the structure and the probe are not fixed and moved each time, so the point for the 
probe touched the substrate is changed slightly. 
8.4 Experimental Results on touching a micro mirror 
8.4.1 Description 
The force from touching a micro mirror is investigated in the experiment. The MCNC 
MUMPs43 chip is used in the experiment, and two different types of assembled micro 
mirror are tested in the experiments. The probe is 7B with diameter of SO i^m is used in 
the experiment. 
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Figure 8.24. Drawing of the micro mirror among the chip. 
Figure 8.24 shown the drawing of the chip. The micro mirror is lifted up to a vertical 
position and locked with a locker by a rotation system before the experiment, the 
photograph of the micro mirror we have tested in this experiment is shown in Figure 
8.25. It is seen the mirror is locked with one of the latches and standing up vertically. 
latches micro mirror 
Figure 8.25. Photograph of the micro mirror. 
The top views of different position of the probe and the micro mirror are shown in 
Figure 8.26. The objective of this experiment is to use the sensing system to touch a 
micro structure and sense the force from the structure. In that work, the probe is 
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commanded to move towards a mirror in the positive x direction by a programmable 
controller, the initial and final position of the probe are recorded and the travel distance 
and velocity are also known. 
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Figure 8.26. Top view of the micro probe and micro mirror, (a) Photograph of the probe at the starting 
position, (b) Photograph of the probe at the final position. 
8.4.2 Results 
As shown in Figure 8.27, an impact signal appeared when the probe touched the 
mirror, it is due to the deflection of the PVDF, as it sensed some reaction forces from 
the mirror. The velocity of the manipulator is 2000|Lim/sec and the displacement is 
252|Lim, it is seen that the peak voltage in the impact is about IV. In the output signal, 
the vibration signal from the sensor when it moved is also recorded. The travel time 
from it started to move at the initial position until touching the mirror could be 
determined from the CRO signal too. After the impact signal, the PVDF returned to the 
static state and the voltage returned to zero. 
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Figure 8.27. Signal from touching a micro mirror at displacement d is 252|im and velocity v is 
2000|im/sec. 
Some control experiments were carried out to analyze the output by touching the 
mirror. The starting position of the probe changed, and the final position, i.e. the 
position of the mirror is fixed. Therefore the moving distance to touch mirror is 
increased. The impacts voltage from the structure with different travel distance could 
be compared when the velocity is the same. 
Figure 8.28 shown the signal with different travel distances, it is seen that the time 
from initial position to touch the mirror is increased when the travel distance is 
increased. But the peak voltage of the impact signal is not affected by the travel 
distance; it is consistent for different travel distances. This phenomenon is due to the 
output from the PVDF did not change with travel distance, as the force remained 
unchanged. The peak voltage of the impact signal should be changed with velocity and 
deflection of the PVDF. In this experiment, the deflection and the velocity are the 
same. 
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Figure 8.28. Signal from touching a micro mirror at displacement (Ref B) d is 252^m, (Ref A) d is lO i^m 
and (Ref 1) d is 352fj,m and velocity v is 2000|im/sec. 
In order to prove the impact is due to the force from the structure, a control experiment 
is carried out. In that work, the sensing system was commanded to move with the same 
displacement and at the same velocity as in last experiment, but there was no structure 
being touched in the experiment. The output signal is shown in Figure 8.29. Compared 
with the signal in Figure 8.28, there is no impact signal from the sensor, and the 
vibration signal is also detected from the sensor when it is commanded to move. It can 
be proved that the impact signal is due to the sensing force from the structure. 
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Figure 8.29. Signal from (Ref A) moving in displacement d is 100|im, but the mirror is broken�（Ref 1) 
moving in displacement is 100|im, but no structure in the experiment. 
Same experiment is performed on another micro mirror, and the top view of different 
position of the probe and mirror in the experiment is shown in Figure 8.30. The 
experimental results are shown in Figure 8.31. We have seen that there are two 
different signals in the same graph, one is the signal appeared when the probe moved 
towards (positive x) and touched the mirror, the other signal appeared when the probe 
moved away (negative x) from the mirror and return to the starting position. It is seen 
that the two signals are reversed and it implies that the moving directions in two 
experiments are in opposition. But the peak voltages from the impacts are the same as 
the deflections of the PVDF are the same in these two experiments. 
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Figure 8.30. Top view of the micro probe and micro mirror, (a) Photograph of the probe at the starting 
position, (b) Photograph of the probe at the final position. 
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Figure 8.31. (Ref 1) Signal from touching a micro mirror at displacement d is 20|am and velocity v is 
2000|am/sec, (Ref B) Signal from leaving a micro mirror at displacement d is 20\xm and velocity v is 
2000^im/sec. 
8.5 Experimental Results on lifting a mass platform 
8.5.1 Description 
Some basic experiments were performed to calibrate the sensor signal in lifting a micro 
structure. A micro polysilicon mass-plate suspended by 2 cantilevers is tested in the 
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experiment. The top view of the mass-plate on the MCNC MUMPs34 Chips are shown 
in Figure 8.32. 
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Figure 8.32. Drawing of design of the mass-plate and chip. 
In Figure 8.32, the dimension of the mass-plate is 600|Limx320|Lim, and the dimension 
of the beam is 30|imx200]Lim and the spring constant of the beam can be calculated as 
follows: 
Kbeam = " 2 (Equatioii 8.1) 
_ 12x1.69x1011 X 16.875 X (10—6)4 
(200 X10-6)2 X (4 X 200 X10-6 + 3 X 320 X10-6) 
= 0AS6N/m 
The probe 7B with diameter of SO i^m is used in the experiment. After the probe-tip is 
positioned manually under a micro mass suspended by 2 cantilevers (as shown in the 
illustrations of Figure 8.33), the probe-tip was commanded to move upwards, lifting 
the micro structure to a certain displacement (in positive z-direction), then the probe 
was stopped at that position. 
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Figure 8.33. Illustration of the micro structure lifted by a probe-tip. 
8.5.2 Results 
As shown in the signal output (see Figure 8.34), no impact signal was detected and 
there is only a vibration signal in the output for different velocities. The reasons for this 
phenomenon may come from PVDF is a sensor which is sensitive to vibration and the 
stiffness of the sensor is larger than the cantilever beam, so that after the mass-plate 
lifted up and vibrated, the probe did not vibrate. Moreover, it may be due to the 
deflection of the PVDF by the force of the structure beyond the sensitivity of the 
sensing system. 
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Figure 8.34. Output from lifted up mass-plate at displacement d is 125帅 and velocity v is 2000一sec. 
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Same experiment on another type of mass platform in MUMPs43 is also carried out, 
the dimension of the mass-plate is 300|Limx200|Lim and the beam is 12|Limxl00jim. 
By Equation 8.1，the stiffness of the cantilever beam is calculated as follows: 
K = 12x1.69x1011 xl6x( l ( r6)4  
一 (100x10-6)2 x(4x100x10-6 +3x200x10-6) 
Kb 醒：•NIm 
It is seen that the spring constant of the beam is larger than the last experiment, and it 
may increase the deflection of the sensor by the reaction of the structure. 
Compared with the results from no structure, the output of the experiment for this type 
of mass-plate is shown in Figure 8.35. 
There are two output signals in Figure 8.35, and signal A is the signal for lifting up the 
mass-plate, and signal 1 is for the case of no structure is tested in the experiment. 
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Figure 8.35. Output from probe moving at displacement d is 120|im and velocity v is lOOO i^m/sec for 
(Signal A) lifter-up mass-plate, (Signal 1) no structure and free vibration. 
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It is observed that the impact signal cannot be detected from the output for the test of 
lifting up the structure. The two signals are nearly the same except the damping of the 
vibration signal is larger when there is a structure on the top of the probe, compare with 
the free vibration of the probe from waveform 1. In addition, the vibration signal 
dominates in the output signal, the vibration is too large that the impact signal cannot 
be observed from the output. 
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9. Modification of 1-D Sensing System 
In order to reduce the vibration of the sensor in the experiment, a modified 1-D sensing 
system was designed to calibrate the sensor signal in lifting a micro structure. The 
modified 1-D sensing system was changed by moving the PVDF from horizontal to 
vertical position, k is predicted that the vibration signal is decreased when the probe 
moved in z-direction in the experiment, but the sensing direction is in horizontal 
component of the total force acted on the probe-tip. 
9,1 Design of the system 
The design of the 1-D sensing system is shown in Figure 9.1, the concept is similar to 
the original design of the 1-D sensing system. There are three parts for the system, the 
plastic pipe, the PVDF sensor and the plastic connector with probe-tip. 
PVDF Sensor ^ ^ ^ ^ ^ 1^ ， 
H ••/:；! 
Probe Tip | ^ ^ 
Figure 9.1. Design of the modified 1-D PVDF sensing system. 
The PVDF is placed in the vertical position so that it can sense the horizontal direction 
of force. The adapter is changed to connect the pipe and the PVDF sensor, the 
mechanical drawing of the adapter is shown in Figure 9.2. As the PVDF sensor is 
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changed to place in vertical position, the design for the adapter to connect the PVDF 
sensor and probe is changed (see Figure 9.3). 
Sensor p ^ M F ^ 
Figure 9.2. Mechanical drawing for the adapter for the plastic pipe and PVDF sensor. 
~ ^ Hold for insert 
Figure 9.3. Mechanical drawing for the adapter for the probe-tip and PVDF sensor. 
9.2 Experimental Setup of the system 
The experimental setup was same as the previous setup for calibrated the force signal 
(see Figure 9.4). The sensing system was connected to the programmable manipulator, 
so that the x-y-z movement of the sensing system can be controlled by the 
programmable controller. The probe-tip 7B with thickness 80|im was used in the 
experiment. 
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Figure 9.4. (a) Modified 1-D PVDF sensor probe, (b) Micro mass-plate lifted by probe-tip. 
9,3 Experimental Results on lifting a mass platform 
As described in the previous section, after the probe-tip was positioned under a micro 
mass suspended by 2 cantilevers (as shown in the illusions of Figure 9.5), the probe-tip 
was commanded to move upward to lift the micro structure to a certain displacement 
(in positive z-direction). There are two different size of mass-plate have been tested in 
the experiment. 
The dimension of the mass-platform is 600x300 陣 and the beam is 30x100 jum. By 
Equation 8.1, the stiffness of the beam is calculated as follows: 
K — 12x1.69x1011 X40X(10-6)4  
— _ (100x10-6)2 X(4x l00x l0-6 +3x300x10-6) 
Kb醒二 遍丨m 
As shown in the signal output of Figure 9.6，an impact signal can be immediately 
detected (B) from lifting up the structure, the impact signal indicate the structure is 
giving a reactive force to the probe-tip. We have observed experimentally, as predicted 
by Equation 5.1, the amplitude of the measured signal depends on the velocity of 
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movement of the probe-tip and the deflection of the PVDF, i.e. proportional to the 
deflection of the mass-plate, which is coupled to the PVDF sensing elements. 
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Figure 9.5. Illustrations of the micro structure lifted by a probe-tip. 
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Figure 9.6. Signal from lifting a mass-plate at displacement d is 40^m and velocity v is 1000|im/sec. 
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Figure 9.7. Signal from lifting a mass-plate at velocity v is 1000|_im/sec, displacement d is (a)40^im 
(b)100|^m. 
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From Figure 9.7, we can compare the impact signal when the deflection of the mass-
plate is increased, we can see that the time from A to B and the peak voltage from 
impact is increased when the displacement of the manipulation is increased, even the 
velocity is keep the same. 
From varying the displacement of manipulation, the plot of peak voltage from impact 
was generated (see Figure 9.8), which indicated that the sensor output voltage 
increased with manipulation displacement. It implied that a lager reaction force from 
the structure can be sensed when the deflection of the mass-plate was increased, and it 
also indicated that the deflection of the PVDF was increased with the displacement of 
the structure. 
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Figure 9.8. Peak amplitude of output voltage versus displacement from lifting up a micro structure. 
The force calculation based on the impact voltage of Figure 9.7 was performed, and 
based on the calibration for the sensitivity of voltage output from force applied at 
different frequencies (Figure 7.20), it is shown that the force is changed with 
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frequency, so we have to calculate the frequency for this experiment, and then find the 
corresponding sensitivity to calculate the force from the output voltage. 
If the velocity is linear of the manipulator, then the input frequency is: 
V 1 f = —X— (Equation 9.1) d 4 
where v is the velocity of the manipulator. 
d is the displacement of the manipulator. 
When the displacement is lOjJm, and the velocity is 1000/im/sec，the frequency is: 
r 1000 1 
20 4 
At 12.5Hz, the sensitivity found from Figure 7.20 is: 
S =QMW / JDN 
For the above configuration of this experiment, the voltage measured is 0.3V, 
therefore, the corresponding force from this frequency and voltage is: 
F — ^output 
s 
0.3 … ” = -12.5/W 0.024 
The above calculation can be performed for each experiment if the frequency and 
voltage are known. From Figure 9.8, at different displacement, the force calucalted is 
changed and the plotted of force against displacement of manipulator is generated 
(Figure 9.9). 
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Figure 9.9. Force calculated against displacement of the manipulator. 
We defended the touching time as the traveling time from the starting position (Point 
A) to final position (Point B), and the plot of the touching time against deflection of the 
manipulator was generated (Figure 9.10). It is observed that the touching time is 
increased with the displacement of the manipulator as the velocity of the manipulator is 
unchanged. 
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Figure 9.10. Plot of the touching time against displacement from lifting up a micro structure. 
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In order the verify the signal is due to the structure, we have demonstrated the same 
experiment that lifted up the sensing system but there is no structure on the top of the 
probe-tip, and compared with the previous results (see Figure 9.11), Signal B and 
Signal 1 in the graph are the experimental results for the test without structure, it is 
observed that the vibration is still occurred in the output when it is commanded to 
move, but there is no impact signal in the output, it shows that the impact signal come 
from the reaction from the structure when it lifted up the mass-plate. 
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Figure 9.11. Signal from no structure (Reference B) and lifted up mass-plate (Reference A) when probe 
move up 40|a.m at lOOO^m/sec, and no structure (Reference 1) when probe move up 100 pim at 
lOOO i^m/sec. 
Other size of the mass-plate was tested in the experiment, the dimension of the mass-
plate is 320|Limx300|Lim and the beam is ISjumxlOOjim. By the Equation 8.1, the 
stiffness of the beam is calculated as follows: 
K 12x1.69x10" x24x(10-6)4 
- (100x10-6)2 X(4xl00xl(r6 +3x300x10-6) 
Kb醒=l，N/m 
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As shown in the signal output of Figure 9.12, an impact signal can be immediately 
detected (B) from lifting up the structure, the impact signal indicate the structure is 
giving a reactive force to the probe-tip. 
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Figure 9.12. Signal from lifted up mass-plate in displacement d is 60fim and velocity v is lOOO^im/sec. 
From varying the displacement of manipulation, the plot of peak voltage from impact 
was generated (see Figure 9.13), which indicated that the sensor output voltage 
increased with manipulation displacement. It implied that a lager reaction force from 
the structure can be sensed when the deflection of the mass-plate is increased, and it 
also indicated that the deflection of the PVDF is increased with the displacement of the 
structure 
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Figure 9.13. Peak amplitude of output voltage versus impact velocity from lifting up a micro structure. 
The touching time is defined as the traveling time from the starting position (Point A) 
to final position (Point B), and the plot of the touching time against deflection of the 
manipulator is generated (Figure 9.14). It is observed that the touching time is 
increased with the displacement of the manipulator as the velocity of the manipulator is 
unchanged. 
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Figure 9.14. Plot of the touching time against displacement from lifting up a micro structure. 
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Figure 9.15 shown the comparison of the experiment for testing the structure and the 
free vibration of the sensing system, it is shown again that the impact signal come from 
the structure. 
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10.2-D PVDF-Based Sensing System 
Based on the results of the 1-D sensing system, we have developed the system to 2~D 
PVDF based sensing system. The objective of the 2-D sensing system is sense 2 
different direction of force acting on the probe-tip, i.e. two PVDF sensors are used and 
put in two different orientation in the sensing system. Some preliminary experiments 
for calibrate the signal of touching the substrate were carried out and will be presented 
in this section. 
10.1 Design of the Sensing System 
Based on the design of 1-D sensing system, the 2-D PVDF based sensing system was 
developed. The conceptual drawing of the 2-D sensing system is shown in Figure 10.1. 
H I P V D F 
Plastic pipe ‘ 飞、 
Probe t i p ^ ^ 
Figure 10.1. Conceptual drawing of the 2-D sensing system. 
The two PVDF sensors are connected with the plastic adapter, the mechanical drawing 
of the plastic adapter is shown in Figure 10.2. Two perpendicular holds are designed 
for place two PVDF sensors in x and y direction. And the mechanical drawing of the 
plastic adapter for the pipe and the PVDF sensor is shown in Figure 10.3. 
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睡 ^ n s o r s 
Figure 10.2. Mechanical drawing of the plastic adapter for two PVDF sensors. 
Hold for insert ^ ^ ^ ^ ^ ^ ^ ^ 
plastic p i p e J m H ^ ^ 
Hold for . ‘ y ^ ^ ^ i i © 
insert s c r e ^ ^ ^ g ^ p ^ y ^ ^ t 
Figure 10.3. Mechanical drawing of the plastic adapter for the plastic pipe and the PVDF sensor. 
10.2 Experimental Setup 
The aim of this part is to produce a customized PVDF-based 2-D sensing system for 
commercially available micro-manipulation systems. We demonstrated force-reflective 
commercial micro-manipulation tips using our PVDF sensors. 
The experimental setup was same as the setup described in Figure 8.1, and the actually 
2-D sensing system constructed is shown in Figure 10.4. 
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Figure 10.4. Photograph of the actual 2-D sensing system integrated onto a micro-manipulator. 
The two PVDF sensors are placed on two perpendicular orientations and a commercial 
probe-tip is attached at the free end of the horizontal PVDF sensor. As described 
before, the force is determined by measuring the voltage of the PVDF, the voltage is 
produced by the deflection of the free end of the PVDF. The output signal is amplified 
by the charge amplifier and converted the low frequency signal. The whole sensing 
system is fixed with a micromanipulator, the manipulator is connected to the 
programmable controller, which drives the manipulator in different velocity and 
resolution by using a computer. The visual feedback of the system is provided by the 
CCD camera of the probe station, the image of the probe-tip and micro structure could 
be observed in the computer. 
10.3 Calibration of the 2-D Sensing System 
10.3.1 Noise Signal from the system 
The noise signal from the system was calibrated in the experiment. From Figure 10.5, 
it shows that the x and y direction are defined for analyze the direction of force. 
92 
广 1 Support Connected to 
CRO CH2 ^ 
Vertical PVDF Connected to 
Rigid joint CRO CHI M 
“ y /1 ^ - ^ 令 Rigid joint 
P r o b e ^ ^ Horizontal 丨  
Tip , PVDF 
Figure 10.5. Illustration of 2-D sensing system. 
It is seen that there are two channels output signal and Channel 1 is the signal obtained 
from the horizontal PVDF, which is used to measure the y direction of force. On the 
other hand, channel 2 is the signal obtained from the vertical PVDF, which is used to 
measure the x direction of force. 
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Figure 10.6. Noise signal from 2-D sensing system before the experiment. 
The unwanted noise signal before the experiment was captured in Figure 10.6，it is 
observed that the noise from channel 1 is large and the peak voltage of the noise is 
around IV，and the voltage for channel 2 is around 0.2V. This large noise signal is due 
to the large vibration amplitude from the sensor. As the horizontal sensor is not directly 
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attached to the micromanipulator, so the vibration at the free end of the vertical PVDF 
sensor will increase the vibration of the horizontal sensor. The coupling effect of the 
sensor cause the large noise signal compared with the 1-D sensing system. 
10.4 Experiments Results on touching a substrate 
Experiments on touching a substrate for 2-D sensing system were performed. It was 
similar to the experiment for 1-D sensing system, the system was commanded to move 
downwards (negative y) to approach the substrate, the signal when it touched the 
substrate was obtained from both PVDF sensors (see Figure 10.7). 
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Figure 10.7. Signal from touching substrate for the 2-D sensing system at displacement d is 100|im and 
velocity v is 3000|im/sec. 
The driving velocity and the resolution of the manipulator are 3000|Lim/sec and 
0.02jim, and the displacement is lOOjim. 
After it detected that the probe has touched substrate, the signal from moving away 
(positive y) was obtained (see Figure 10.8). It is observed that the direction of the 
impact is inverse and it indicated that the opposite moving direction. 
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Figure 10.8. Signal from moving away from the substrate. 
When the velocity of the manipulator was changed, different impact signal was 
obtained (see Figure 10.9), it is observed that the voltage from impact is increased with 
the driving velocity. The plot of the output voltage from impact against velocity was 
generated (see Figure 10.10). 
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Figure 10.9. Signal from touching substrate for the 2-D Sensing System at displacement d is lOOpim and 
velocity v is 5000|j,m/sec. 
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Figure 10.10. Plot of peak voltage from touching substrate with velocity. 
After the probe touched the substrate by observing the impact, the noise signal is 
decreased (see Figure 10.11), and it is due to the free end of the PVDF is fixed with the 
substrate. 
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Figure 10.11. Noise from 2-D sensing system after touching the substrate. 
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11. Experimental Analysis 
11.1 Data Acquisition 
As the 1-D sensing system was designed for calibrating the force signal from the 
output voltage of the sensors, from the results presented in Section 8, it is observed in 
the oscilloscope that the impact voltage is obtained once it touched the micro structure 
or lifted up mass-plate, then the force can be estimated from the output voltage. 
However, in order to perform a precise force feedback control, extract the impact 
signal from the output and improve the accuracy of the sensing system is needed. 
Therefore, a computer-based data acquisition system is provided for farther signal 
processing and feedback control. 
The experiment for convert the analog signal to digital data was performed. The whole 
experimental setup is illustrated in Figure 11.1, an Axiom AX5411H DA&C Board 
was used for acquire the data to the computer, a software implementation was 
developed for provide an interface between the ADC board and the computer. 
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Figure 11.1. Illustration of experimental setup for acquire data from ADC card. 
The interface shown in Figure 11.2 is written by using a Visual C++ algorithm, it is 
shown that a sampling time for ADC card can be input in the smallest value of 1ms. 
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Figure 11.2. Interface of data acquisition for the ADC card. 
Some experimental results shown in Section 8 were acquired from the ADC board and 
the data was stored. Then the data can be plotted and provided for the further analysis, 
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the digital noise signal was acquired and plotted (see Figure 11.3). It is seen that the 
plot is same as the signal observed in the oscilloscope, and the peak to peak voltage is 
0.4V. 
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Figure 11.3. Noise acquired from the ADC card with sampling time is 1ms. 
From the experiment on touching a substrate, the data acquired from the ADC card 
with different sampling time plotted in Figure 11.4 and Figure 11.5. 
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Figure 11.4. Impact acquired from touching a substrate at sampling time is 2ms. 
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Figure 11.5. Impact acquired from touching a substrate at sampling time is 10ms. 
The data acquired from the vibration of the sensor plotted in Figure 11.6. 
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Figure 11.6. Signal acquired from vibration at sampling time is 2ms. 
The data from touching mirror of the experiment mentioned in Section 8.4 is acquired 
and plotted in Figure 11.7. 
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Figure 11.7. Signal acquired from touching a micro mirror at sampling time is 2ms. 
11.2 Spectrum Analysis of the Experimental Data 
As presented in Section 7.3, the analysis for the frequency response of the sensing 
system was discussed. In order to extract the impact from the output signal, the data 
acquired from the sensing system is converted to the frequency domain by power 
spectrum analysis. The objective of the software implementation for analyze the 
frequency of the raw data is that it can be estimated the frequency range of different 
parts from the output signal, such as vibration from the PVDF, natural noise signal and 
the wanted impact signal. From the frequency analysis, the suitable cut-off frequency 
of the filters can be estimated and adjustable so that the unwanted signal can be filtered 
from the output. After input the data from the ADC card, the data is stored in a file. 
Then the file will be input to the matlab program, the power spectrum is generated. 
A typical example for the power spectrum analysis of the sensor's data acquired from 
touching a mirror is shown in Figure 11.8. The sampling time of the ADC card is set to 
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2ms. One of the graphs is the original signal plotted in time domain in Matlab and the 
other graph is the signal plotted against frequency domain. 
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domain. 
It is shown from Figure 11.8 that two peak magnitude observed in different frequency, 




It was demonstrated that PVDF polymeric sensors can be used to sense impulse and 
dynamic forces when integrated with a commercial micromanipulator with a probe-tip. 
From the literature survey about micro-manipulation and PVDF sensor, problems in 
the micro world and micro-manipulation were discussed and control of micro-
manipulation by different methods were presented. In this project, we used a PVDF 
sensor-based system to perform a force feedback control under micro-manipulation. 
Based on the piezoelectric properties and principles of the sensor, PVDF could be used 
as a force rate sensor. However, the sensing range and frequency response of PVDF 
are two important factors that will affect the performance of the sensing system. 
Therefore, calibration of the sensing system was needed. From the analysis of the 
frequency response and sensitivity of the 1-D sensing system, the voltage output of 
PVDF with input deflection and acceleration was estimated. 
Furthermore, we have demonstrated that a 1-D sensing system can be designed to 
perform force and impact detection. When a PVDF sensor integrated with a 
commercial probe-tip, impact force can be sensed when it touched a substrate or micro 
mirror, and lifted up a mass-plate. Moreover, based on the results of 1-D sensing 
system, 2-D sensing system can be developed for potentially work on force and impact 
detection. 
The goal for this project is to demonstrate a force sensing micro-assembly system, 
including hardware and software, integrable to existing commercial 
micromanipulators, and capable of operating in automated assembling mode or tele-
operated mode. Ultimately, this technology can be used to achieve micro-automation 
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in batch assembling of MEMS devices such as micro-mirrors, micro-optical-lenses, 
and general micro sensing and actuation devices. In addition, this technology can 
potentially be used in bio-manipulation, including embryo injection and cell separation, 
and to understand the force interactions of micro-biological systems. 
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13. Future Work 
We now work to improve the PVDF sensing system into a force feedback 
micromanipulator to demonstrate automated micro-assembly of MUMPs structures 
with force feedback control. We are also working on improving the low frequency 
response of our sensing elements and developing a 2-D and 3-D sensing system 
integrable with commercial micro-manipulation equipment. Moreover, reduction of the 
coupling effect from the PVDF will be one of the task for improving the output of the 
impact signal. Besides, the force feedback control system will eventually be integrated 
with an automated and tele-operated micro-manipulation. 
13,1 Control of the Sensing System 
In the previous chapters, the preliminary design of the 1-D sensing system was 
presented and the experimental results for manipulating a micro structure was also 
discussed. However, it is a raw data from one typical example of micro-manipulation. 
Based on the current results, further analysis and improvement is needed for increase 
the sensitivity and accuracy of the force feedback control sensing system. 
As the PVDF sensor is integrated with a commercial probe-tip and micromanipulator, 
the size of the sensor should be optimized to micro scale for the micro-manipulation. 
As described in previous section, the experimental results contained some unwanted 
noise and vibration signal, the real time filtering process can be provided for extract the 
impact signal from the output. It can be done by hardware filtering circuit or software 
implementation. After the frequency is predicted by the power spectrum analysis, a 
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filtering part will be developed to filter the noise and vibration signal by select a cut-off 
frequency. Some preliminary analysis for filtering the signal and results are shown. 
As mentioned in Section 11.2, a spectrum analysis was carried for the output signal. 
From Figure 11.8，different frequency peaks from the output signal implied that the 
filtering can be performed by choose a frequency. In order to verify the two different 
peaks belong to noise and impact respectively, different part of signal is captured and 
analyzed individually. The frequency analysis for noise and impact are shown in 
Figure 13.1 and Figure 13.2. 
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Based on the results from Figure 13.1 and Figure 13.2, it is expected that the noise and 
impact belong to different frequency peaks. Therefore, filtering is performed to exact 
the impact from the output, and the filtered signal at 45Hz is shown in Figure 13.3. 
Based on the preliminary results of the filtered signal, real-time filtering will be 
performed. 
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Figure 13.3. (Left) Original data plotted in time domain, (Right) Filtered data plotted in time domain at cut-
off frequency is 45Hz. 
13,2 Tele-operation System on force feedback sensing system 
The tele-operation system for our current computer-based sensing system is proposed 
(see Figure 13.4). The goal of this system is to enable the operator can directly control 
the micro structure during micro-manipulation with the assist of the force information 
from the sensor. During the tele-operated micro-manipulation, the real time force 
feedback can be represented by haptical devices such as force feedback joystick, and 
information about the position of the micromanipulator can be performed by a 
computer display. Moreover, the user interface should be provided for the tele-operated 
and automated micro-manipulation. 
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108 
A. Appendix 
A. 1 Procedures in using probe station 
1. Switch on the pump at 450mm Hg vac. 
2. Put the sample on the vacuum mount stage. 
3. Adjust the x-y motion of the stage by using the controller. 
4. Adjust the pan and zoom knob to search the specific area of the sample. 
5. Select the magnification of objectives lens of microscopes. 
6. Adjust the height of the stage and vacuum base for manipulator manually. 
7. Put the suitable size of probe in the manipulator. 
8. Move the x-y-z motion of the manipulation by using the adjustable knob. 
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